by Western blot, and to higher GLO1 activity in blood. Conclusion: These genes represent new candidates for nutrient intake phenotypes. We propose that increased GLO1 in the BC-17 strain supports its need to protect against dietary oxidants resulting from high carbohydrate intake.
i.e. two strains displaying non-overlapping phenotypic distributions were chosen for genetic analysis: C57BL/6J (B6) mice self-select a higher proportion of energy from fat than CAST/Ei (CAST), a strain that consumes more carbohydrate [16] . The CAST strain was also noted for its significantly higher calorie intake per body weight.
To begin identifying the complex trait genes underlying these phenotypic differences, we first established statistically significant, genome-wide linkage or association. Using a large F 2 intercross population, the first mammalian QTL for macronutrient-specific intake (carbohydrate and fat) and for total energy intake were identified [17] . A region on proximal Chr 17 revealed two significant QTL that co-localized for increased macronutrient intake-carbohydrate (Mnic1 ) and total kilocalorie intake ( Kcal2 ), adjusted for body weight. Next, we developed a congenic strain to obtain independent evidence for linkage, to determine the locus more precisely, and to aid in identification of the underlying gene(s). The congenic line was constructed by introgressing CAST donor DNA from the Mnic1 and Kcal 2 QTL on Chr 17 in a genome identical to the background B6 strain [18] . This B6.CAST-17 congenic strain confirmed the chromosome 17 locus by specifying the original linked traits; specifically, homozygous congenic mice consumed significantly more carbohydrate (27%) and total energy (17%) compared with wild-type B6 littermates [18] . This complex QTL region has been localized to a 34.8-cM region, which corresponds to 60.3 Mb on mouse chromosome 17.
With the QTL captured in an interval-specific congenic strain that exhibits the original linked phenotypes, the molecular basis of the effects of this genetic locus on nutrient intake can be elucidated. Comprehensive microarray analyses of genes in the hypothalamus and liver were performed to reveal changes in expression between the wild-type B6 and B6.CAST-17 congenic mice [18] . Transcriptional differences outside the target QTL were examined to identify regulatory pathways or downstream targets relevant to the control of food intake. To identify genes that were uniquely associated with macronutrient selection, and not with chow intake, two independent experiments were conducted with respect to diet, i.e. chow and 2-choice macronutrient diet. The results permit qualitative comparisons of the two sets of differentially expressed genes. The differential expression of genes was validated with quantitative RT-PCR using the same RNA samples that were subjected to microarrays. The results of this study provide the basis for further investigation of differentially expressed candidate genes within Mnic1 and Kcal2 , with a potential role in preferential carbohydrate consumption and increased calorie intake. This is the first microarray study aimed at identifying candidate genes involved in the control of ingestive behaviors related to the selection of macronutrients.
Methods
Animals C57BL/6J (B6) and CAST/Ei (CAST) breeders were purchased from the Jackson laboratory (Bar Harbor, Me., USA). A full congenic strain, B6.CAST D17Mit19-D17Mit91 (B6.CAST-17) was developed on site at the Pennington Biomedical Research Center using the 'speed congenics' method as previously described [18, 19] . Selection at each generation was based on the presence of desired genomic segment and the absence of contaminating donor DNA [19] .
The marker-assisted selection protocol produces congenic strains in less than half the number of generations required by the classic protocol (N 12 ) and by S6, a 'speed congenic' line has ! 0.25% contaminating donor genome [19] . The B6.CAST-17 S6 ('speed' congenic generation 6) strain possesses a 34.8-cM CAST donor segment on the B6 background, extending at least from proximal marker D17Mit19 at 4.7 Mb to distal marker D17Mit91 at 65.2Mb, containing 60.5 Mb. To generate experimental animals, heterozygous B6.CAST-17 mice were intercrossed to generate three (littermate) genotypes.
All mice used as controls for the congenic animals were littermate B6. The use of littermate controls to test the phenotypic effect of a congenic segment is extremely important for overcoming the problems of background heterogeneity as well as the effects of litter, age, or other unidentified environmental factors.
Mice were bred and reared in polycarbonate cages with sterilized corn-cob bedding, and housed in temperature-controlled rooms at 23-24 ° C with a 14: 10-hour light-dark cycle. Mice were weaned onto standard rodent chow (no. 5001, LabDiet, Richmond, Ind., USA) which contained by energy 28% protein, 12% fat, and 60% carbohydrate. Animal studies were carried out with the approval of the PBRC Institutional Animal Care and Use Committee.
Phenotyping
Phenotyping methods have been previously described in detail, including diet composition [17] . Briefly, 8-week-old mice were adapted to single housing in hanging, wire-bottomed mouse cages at 25-27 ° C until they regained positive weight balance. The light/dark cycle was set at 12: 12 h. Mice were presented with a choice between two diets: fat/protein (F/P; vegetable shortening and casein) and carbohydrate/protein (C/P; corn starch, powdered sugar, and casein). The protein composition of the two diets was equivalent (22% of energy) and the balance of calories for each was contributed by fat or carbohydrate (78%). Both diets were supplemented with vitamins, minerals, and cellulose. Diet jars and all spillage were weighed daily.
For the low-and high-carbohydrate study, mice of each strain were fed a single nutritionally complete diet: D12331 or D12329, respectively (Research Diets, Inc., New Brunswick, N.J., USA) for 2 days. On the day of tissue harvest, mice were food-deprived at 08.00 h and euthanized at 14.00 h.
Rationale for Experimental Design with Respect to Time Course of Diet Exposure
In the original QTL study, F 2 mice showed an absence of genetic linkage on day 1 but not on days 2-10 , for C/P kcal at the Mnic1 QTL locus (D17Mit100) . This temporal variation was attributed to the B6 allele [17] ( fig. 1 ). This phenomenon also was observed in the congenic strain model used in the present study, i.e. there were no differences between day 1 and day 2 in C/P intake of the homozygous B6.CAST-17 mice [18] . By contrast, the wild-type B6 and heterozygous congenic mice ate more C/P calories on day 1 , but then significantly reduced their carbohydrate intake beginning on day 2 . Notably, there were no temporal variations in F/P intake ( fig. 2 a) . These results suggest that the choice of fat or carbohydrate may be affected by environmental factors during the first 24 h of exposure to the experimental diets but comes under a greater degree of genetic control with prolonged exposure. Based on the hypothesis that metabolic signals arising from ingestion of the diet on day 1 influenced the animals' choice on day 2, tissues were collected shortly before onset of the dark feeding period on day 2.
Experimental Design
Global gene expression, in both the hypothalamus and liver, was compared between the B6.CAST-17 homozygous congenic and B6 strains in two diet conditions: (exp.1) chow (LabDiet #5001) and (exp. 2) carbohydrate/protein vs. fat/protein, 28 h after diet initiation, i.e. 4 h before lights out on day 2. For each experiment, RNA was pooled from 6 male B6.CAST-17 homozygous congenic mice and 6 male wild-type B6 mice. In experiment 2, animals were selected based on the absence of overlap in phenotypic values. To identify these individuals, mice of each strain (n = 20-25) were tested in the diet selection protocol for 10 days [data presented in 18 ] . Six congenic and 6 B6 mice which displayed the most divergent phenotypic values for carbohydrate and total Direction of QTL effects on Chr17. Genetic linkage for carbohydrate/protein kcal (C/P kc) intake on days 1-5 in F 2 mice derived from an intercross of C57BL/6J and CAST/EiJ (42). F 2 mice showed an absence of genetic linkage on day 1 , but not on days 2 and following, for C/P kcal at the Mnic1 QTL locus ( D17Mit100 ), and the temporal variation in linkage was due to the B6 allele. AA = Homozygous B6 allele; AB = heterozygous for B6 and CAST alleles; BB = homozygous CAST allele. 2 . a Macronutrient diet selection data for carbohydrate/protein (C/P) and fat/ protein (F/P) intake on days 1 and 2 of diet initiation in the 10-day phenotyping study. Wild-type B6 mice, but not homozygous B6.CAST-17 (BC-17) congenic mice, significantly reduced their carbohydrate intake from day 1 to day 2. * p ! 0.001 . By contrast, there was no difference in F/P intake between days 1 and 2 for either strain. b Total calorie (kcal) intake per 20 g BW on days 1 and 2 of diet initiation. † p ! 0.002, # p ! 5.7 ! 10 -7 .
kcal intake (relative to body weight) were chosen for microarray analysis, returned to chow for 6 weeks, and then exposed to the 2-choice diet for 1 day. With this design, we aimed to study gene expression changes immediately prior to selection of the C/P or F/P diet, and to avoid the confounding effects of novelty on day 1, overnight fasting, or recent meals. On day 2, food was removed at 13.00 h during the light period; 4 h later mice were quickly anesthetized by isoflurane inhalation and decapitated ϳ 1 h before lights out. Ingestive behavior is a highly integrated process involving a number of metabolic systems [20] . Substantial evidence indicates that intracellular utilization of metabolic fuels generates signals that are used by the central nervous system (CNS) to control feeding [20] and several metabolic processes have been implicated, e.g. glucose utilization, fat oxidation, hepatic ATP content, and energy expenditure [22] [23] [24] [25] [26] . We reasoned that genes encoding proteins involved in these processes are likely candidates for modifying the self-selected intake of macronutrients. The hypothalamus and liver were selected for analysis based on their importance in the behavioral and metabolic control of food intake.
Genes with a 1.5-fold change or greater were chosen for further consideration. Results for selected candidates were validated using qRT-PCR to compare gene expression in B6.CAST-17 homozygous congenic and wild-type B6 mice. Two independent experiments were conducted with respect to diet, i.e. chow and 2-choice macronutrient diet. The two datasets permitted qualitative comparisons of the sets of differentially expressed genes between experiments.
RNA Isolation and cDNA Synthesis
Total RNA was isolated from liver and hypothalamus of B6. CAST-17 congenics and wild-type B6 mice using TRIzol (TRI reagent, Molecular Research Center). RNA was purified using the RNeasy kit (Qiagen). The quantity and quality of RNA was checked using Agilent bioanalyzer (Agilent Technologies). The samples with RIN 1 8.0 were selected for microarray analysis. First-strand cDNA templates were synthesized by mixing 1 g of RNA and 5 M of the (dT) 11 primer. The mixtures were heated for 5 min at 70 ° C and placed immediately on ice. Next, 1 ! RT buffer, 200 units Superscript II reverse transcriptase (Invitrogen), 25 M dNTP, and 10 m M DTT were added and incubated for 90 min at 42 ° C in a final volume of 20 l. After heat inactivation of enzyme for 5 min at 70 ° C, the cDNA was diluted to 1: 5 with nuclease free water and stored at -20 ° C.
Microarray Analysis
The Applied Biosystems (AB) Mouse Genome Survey Microarray was used to generate gene expression profiles. This microarray consists of approximately 34,000 features including a set of ϳ 1,000 controls. Each microarray contains 32,996 probes targeted to 32,381 curated genes representing 44,498 transcripts. There are more than 1,138 known genes in the Chr 17 QTL region (NCBI) and approx. 85% of these are represented in the AB mouse genome array. 1 g of total RNA was used to synthesize digoxigenin-UTP labeled cRNA using the AB chemiluminescent RT-IVT labeling Kit v2.0. Each microarray was first hybridized at 55 ° C for 1 h in hybridization buffer with blocking reagent. Next, 15 g of labeled cRNA targets was fragmented into 100-400 bases by incubating with fragmentation buffer at 60 ° C for 30 min, mixed with internal control target and hybridized to each prehybridized microarray at 55 ° C for 16 h. After hybridization, the arrays were washed and rinsed. Enhanced chemiluminescent signals were generated by first incubating arrays with anti-digoxigenin-alkaline phosphatase, enhanced with chemiluminescence-enhancing solution and finally in chemiluminescence substrate. Images were collected using a 1700 analyzer (Applied Biosystems, Foster City, Calif., USA) equipped with a high-resolution, large format CCD camera. Images were auto-girded and the chemiluminescent signals were quantified, corrected for background and spot, and spatially normalized. AB expression system software was used to extract assay signal and signal-to-noise ratio values from the microarray images. Bad spots ( ! 0.5% of genes) flagged by the software were removed. The assay signal was normalized across arrays using quantilequantile normalization with R-script from Applied Biosystems [27] . Signal-to-noise ratios of less than 3.0 and flagged genes with values greater than 5,000 were eliminated from the analysis. The normalized, log-transformed, background-corrected data were then analyzed using Spotfire DecisionSite Software v16.0 (Spotfire, Somerville, Mass., USA). Fold changes were calculated for each gene using the normalized signal values. Hybridization data and parameter information were deposited in the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) under the GEO series accession number GSE6507.
Bioinformatics Approach to Candidate Gene Identification
The Protein ANalysis THrough Evolutionary Relationships (PANTHER) gene ontology and classification database (www. pantherdb.org) was used to identify perturbed signaling pathways and biological processes. This system classifies genes by their functions based on published reports, and uses evolutionary relationships to predict function in the absence of direct experimental evidence. Gene information and sequences were obtained from PANTHER and EMBL V31 (http://www.ensembl.org). A manual inspection of genes within the QTL region, to identify potential candidates not captured by PANTHER analysis, revealed that genes within the glyoxalase system were overexpressed in congenics. This observation led to an examination of genes upstream of the glyoxalase pathway and the discovery of several glycolytic genes with increased expression in congenic mice.
Selection of Candidate Genes for Validation
The chromosomal location of genes was determined using AB annotation. Because genetic variation underlying the nutrient intake traits resides within the QTL, a search of the literature was carried out for all differentially expressed genes in this region with possible physiological relevance, e.g. those pertaining to carbohydrate or lipid metabolism, the regulation of food intake, peripheral sensing pathways, or energy homeostasis. QTL region genes with the highest fold differences, as well as any receptors or receptor signaling genes, were also selected.
The CAST/Ei and C57BL/6J strains are highly polymorphic. Because commercial microarray probes are usually designed for B6 DNA sequence, they may not be suitable for CAST/Ei. To overcome this problem, we validated the gene expression results with qPCR using SYBR green, with primers that amplified a region different from the probe binding site. In this way, false-positives in the microarray results that could be due to a SNP(s) in the probe binding site were eliminated.
Quantitative Real-Time RT-PCR Expression candidates were validated by RT-PCR by means of an AB Prism 7900HT Sequence Detection System using SYBR green and gene-specific primers designed using Primer Express software (AB). Briefly, each 30 l reaction volume consisted of 1 l of cDNA from 100 l cDNA synthesized from 1 g of total RNA, 30 pmol of forward primer, and 30 pmol of reverse primer in 2 ! SYBR green master mix (AB). Relative mRNA levels were determined in duplicate samples using a standard curve generated by a pool of RNA samples and normalized to values of the control gene Ppia . Ppia was chosen as the housekeeping gene because it does not show a constitutive difference in the strains and tissues of interest.
Western Blots
Protein was extracted from the liver of B6.CAST-17 and WT mice. Approx. 500 mg of tissue was powdered in liquid nitrogen, homogenized and sonicated in 500 l RIPA buffer containing 100 m M Tris-HCl (pH 8.0), 0.1% SDS, 150 m M NaCl, 50 m M EDTA, 0.1% NP40, 0.1% sodium deoxycholate, 100 m M beta-glycerophosphate and 50 l of protease inhibitor cocktail (Sigma). ϳ 200 g of protein was separated in 12% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Millipore) for immunoblotting. The membrane was blocked in Odyssey buffer (LI-COR Bioscience, Lincoln, Nebr., USA). The membrane was immunoblotted with antibody to Glo1 (kindly provided by Dr. Kenneth Tew) or mouse ␤ -actin (Abcam, Cambridge, Mass., USA) overnight at 4 ° C, followed by fluorescent-labeled secondary antibody (IRDye800 TM or Cy5.5) for 1 h. Signal intensity was normal- Table 2 . QTL region genes that were differentially expressed only in chow or macronutrient selection diet in hypothalamus ized with ␤ -actin and quantified using the Odyssey imaging system (LI-COR Bioscience).
Determination of Glyoxalase 1 Activity
Glyoxalase 1 activity was measured according to the method of Han et al. [28] . An assay mixture containing 1 ml of glyoxalase buffer at pH 7.0 (0.028 M NaHPO 4 ) was measured at 240 nm at 15-second intervals for 3 min. Specific activity was expressed as mol S-lactoylglutathione formed/min/mg protein.
Statistical Analyses
The effect of strain or diet on gene expression was determined by ANOVA. To allow for different variances for the two strains, the Satterthwaite approximation for degrees of freedom was applied. Individual comparisons were evaluated using Student's t test.
Results

Macronutrient Diet Selection Phenotypes
Consistent with our original linkage data ( fig. 1 ) [17] , the B6.CAST-17 congenic strain (n = 20) consumed significantly more C/P kcal (34%) and total kcal (20%) per body weight on day 2, but not on day 1 of the 10-day phenotyping period, when compared with wild-type B6 (n = 25) ( fig. 1 ). By contrast, there was no strain difference in F/P intake. All mice were then placed back on chow for 6 weeks. Next, a subset of mice with high and low phenotypic values were returned to the 2-choice diet for 1 day while the remaining animals were kept on chow (exp. 1).
The mice selected for microarray analysis in experiment 2 (C/P vs. F/P diet) exhibited similar intakes in both the 10-and 2-day phenotyping periods (Pearson r = 0.71, p ! 0.01, d.f. = 12-2).
Expression of QTL Transcripts on Chow
Microarray analysis revealed expression differences in the hypothalamus and liver between BC-17 congenic and littermate wild-type B6 mice. The effects of diet on gene expression in these strains were studied by making qualitative comparisons of the two datasets obtained from separate sets of animals. In hypothalamus, 31 of 375 expressed genes were differentially expressed within the QTL segment. Of these, 18 genes were upregulated and 13 were downregulated in congenic mice compared with WT ( tables 1, 2 ). In liver, 54 of 346 expressed genes were differential between the two strains, of which 32 were downregulated and 22 were upregulated in congenic mice ( tables 3, 4 ).
Expression of QTL Transcripts on Macronutrient Selection Diet
In hypothalamus, out of 426 expressed genes within the QTL interval, 38 were upregulated and 56 were downregulated in congenic mice compared with WT. In liver, out of 364 expressed genes in congenic mice, 52 were downregulated and 39 were upregulated.
Expression of QTL Transcripts on Both Chow and Macronutrient Selection Diet
In the hypothalamus, only one metabolic gene, Glo1 (glyoxalase 1), was differentially expressed between strains in both diet experiments. In liver, all the meta- Table 3 . QTL region genes that were differentially expressed in liver (positive value in fold difference indicates an increase, and negative value indicates a decrease in congenic mice bolic genes that were altered in chow-fed animals were also regulated in mice on a macronutrient selection diet. A number of genes involved in fat metabolism were downregulated in carbohydrate-preferring, congenic mice including: ApoM (apolipoprotein M), Acat2 (acetylCoA C-acyltransferase 2), Agpat1 (acylglycerol-3-phosphate O-acyltransferase 1), and Decr2 (2-4-dienoyl-coenzyme A reductase 2, peroxisomal). By contrast, several genes associated with carbohydrate metabolism were upregulated in the congenic strain including: Glo1 (glyoxalase 1), Glo2 (glyoxalase 2), Igf2r (insulin-like growth factor 2 receptor), and M6pbp4 (mannose-6-phosphate receptor binding protein 1) (downregulated). Other differentially expressed metabolic genes were: B3galt4 (UDPbeta-1,3-galactosyltransferase, polypeptide 4) (increased), and Cyp4f14 (cytochrome p450, family 4; subfamily f) (decreased). Expression differences were also found for several transcription factors, i.e. Taf11 (TAF11 RNA polymerase II, TATA box binding protein (TBP)-associated factor) , Rnaset2 (ribonuclease T2) , Rps6Ka2 (ribosomal protein S6 kinase, polypeptide 2) , and Tead3 (transcription enhancer factor domain family member 3).
Glyoxalase Pathway and Glo1 Expression Analyses
Transcriptional profiling revealed an upregulation of genes in the glyoxalase pathway including Glo1 and Glo2 in liver and hypothalamus, and dLDH ( D -lactate dehydrogenase) in hypothalamus. Based on their biological function and location near the peak of the QTL, further analyses of Glo1 and Glo2 were conducted. Using qRT-PCR, Glo1 was upregulated by 1.6-(chow) and 3-fold (macronutrient selection) in B6.CAST-17 congenic mice compared with wild-type controls ( fig. 3 a) . Western blot analyses of Glo1 in liver yielded a single ϳ 21-kDa band in both B6.CAST-17 congenic and wild-type B6 mice corresponding to the expected molecular weight of 20.7 kDa ( fig. 3 b) . Consistent with the observed strain difference in Glo1 mRNA and protein expression, congenic mice displayed higher enzymatic activity compared with WT (23.5 8 2.3 vs. 16.1 8 1.9 mol/min/mg, p ! 0.05) ( fig. 4 ) . To investigate whether increased Glo1 expression in the congenic strain was primary or a result of high carbohydrate feeding, we fed the animals a high-(73%) or lowcarbohydrate (26%) diet for 2 days and then examined Glo1 mRNA levels using qPCR. A strain difference of similar magnitude was observed both in hypothalamus 
Expression of QTL Transcripts Unique to Chow
Of ten genes that were differentially expressed in liver and unique to chow, none appeared to be promising candidates with respect to gene classification or known biological functions ( table 4 ). Of the three differential genes in hypothalamus that were unique to chow, two were unknown and one encodes for a nuclear envelope membrane protein ( Nurim ) of speculative function ( table 2 ) .
Expression of QTL Transcripts Unique to Macronutrient Selection Diet
In the hypothalamus, 57 regulated genes were found to be unique to macronutrient selection diet, including a regulator of G-protein signaling ( Rgs11 ) [29] and several metabolic genes: Agpat1 ( 1-acylglycerol-3-phosphate Oacyltransferase 1), Lpin2 (lipin 2), M6pbp4 (mannose-6-phosphate receptor binding protein 1), and Man2a1 (mannosidase 2, alpha 1) ( table 2 ). Recombinant lipin-2 has been shown to have phosphatidate phosphatase type-1 (PAP1) activity, which has a key role in glycerolipid synthesis [30] . Also unique to the 2-choice diet was Probe ID #853033, an EST that was downregulated by 1 13-fold in the hypothalamus of congenic mice ( table 2 ) . In liver, 20 regulated genes were unique to the 2-choice diet including several ESTs and uncharacterized genes, but interestingly, none of these genes are involved in metabolism ( table 4 ) .
Gene Expression Differences Outside the QTL
By comparing gene expression in the hypothalamus of congenic and WT mice while on chow diet, we identified 936 genes that were upregulated and 996 genes that were downregulated. In the liver, 775 genes were overexpressed and 812 genes were underexpressed in congenic mice. On the macronutrient selection diet, 618 genes were overexpressed in the hypothalamus of congenic mice and 647 downregulated. In liver, 875 genes were overexpressed in congenic mice and 1,019 downregulated.
Glycolysis Pathway
Our finding that the glyoxalase system was activated in B6.CAST-17 congenic mice led to an examination of genes upstream of this pathway, which revealed that several glycolytic genes outside the QTL were upregulated in this strain, in the macronutrient diet protocol, but not with chow diet ( table 5 ) . Specifically, all genes that code for enzymes involved in the conversion of glucose to 3-carbon groups (glyceraldehyde-3-phosphate -G3P and di-hydroxy acetone phosphate -DHAP) were upregulated in the congenic strain ( fig. 6 ).
Wnt Signaling Pathway
Several genes representing Wnt signaling and located outside the QTL, showed altered expression in liver, i.e. Hoxc4 , Ccnd3 , Fzd7 , Wnt3a , Wnt10b , and Csnk1 . The Wnt transcripts Wnt10b, Fzd8, Wnt3 , and Wnt6 were downregulated in congenic mice with macronutrient selection diet but not with chow. Wnt10b was shown to decrease oxygen consumption in FABP4-Wnt10b mice although an effect on food intake has not been demonstrated [30] . The Wnt pathway has been linked to glycogen metabolism [32] .
PDGF (Platelet-Derived Growth Factor) Signaling
Expression differences were noted in only four PDGF signaling genes in chow-fed mice ( Vav2 , Arhgap1 , Srf , and Nck ), but after 24 h of macronutrient diet selection, sixteen were differentially regulated between strains in both liver and hypothalamus, i.
, and Rab11b . Most of these changes were due to over-expression in congenics. PDGF signaling is involved in glucose transport and insulin stimulation [33] , thus these patterns of transcriptional activity suggest regulatory systems invoked to support the congenic strain's high calorie intake in the form of carbohydrate.
Induction of Inflammatory Genes
A number of genes involved in inflammation were differentially regulated in congenic mice, which is not surprising considering that the MHC is located within the QTL interval ( tables 1, 3 ) . The most markedly upregulated gene in the congenic strain was trefoil factor 3 ( Tff3 ) located within the QTL region, which showed a high fold induction in liver that was validated by qPCR ( 1 9-fold). Also in liver, histocompatibility 2 and CD2 associated protein were altered. In the hypothalamus, the activated inflammatory genes included histocompatibility 2-T region locus 24, CD2 associated protein, H2-K region expressed gene 2, histocompatibility 2, and t-complexassociated genes, tumor necrosis factor (ligand) superfamily, member 9 and tumor necrosis factor receptor superfamily, member 21.
Validation of the Microarray Data by Real-Time qRT-PCR
Because the genetic variation underlying nutrient intake traits resides within the QTL, a literature search was 
Discussion
Increased carbohydrate and total calorie intake share overlapping linkage on mouse chromosome 17 [17] . We have combined the use of microarrays with an intervalspecific congenic strain in an unbiased approach to identify candidate genes for these complex traits. Previously, we reported confirmation of these linked regions in a congenic strain, and an evaluation of positional candidates [18] . QTL can be manifest by a polymorphism(s) that affects either the expression level of a gene or the amount or function of a protein/gene [34] . Gene expression profiling has been used successfully to find genes and identify molecular mechanisms that underlie QTLs [35] . Based on our analyses, a number of genes and pathways showed altered expression which may be involved in the preferential consumption of fat or carbohydrate.
Genomic responses unique to macronutrient diet selection, assayed in hypothalamus, include the more than 2-fold decrease in Agpat1 and several ESTs. Agpat1 was decreased in the hypothalamus after 24 h of diet self-selection but was unaltered on chow. Further studies will allow us to determine the effects of diet on gene expression of these candidates and thereby achieve a more complete understanding of these complex traits [36] . Acyltransferases are involved in de novo biosynthesis of glycerolipids, such as phospholipids and triacylglycerol. AGPAT exists in at least five isoforms in humans, and all catalyze the same biochemical reaction [37] . Agpat1 (1-acyl-sn -glycerol 3-phosphate acyltransferase; EC 2.3.1.51), also known as lysophosphatidic acid acyltransferase (LPAAT), catalyses the conversion of lysophosphatidic acid to phosphatidic acid (PA). For example, PA can be hydrolyzed to yield diacylglycerol, a second messenger that can activate the brain-specific gamma isotype of protein kinase C (PKC gamma) [38] .
Irrespective of diet, a number of genes involved in lipid metabolism were decreased in carbohydrate-preferring, congenic mice, while several genes associated with carbohydrate metabolism were increased. With respect to carbohydrate metabolism, our analyses uncovered the clear transcriptional regulation of glyoxalase in the hypothalamus and liver of B6.CAST-17 congenic mice, in response to both the high-carbohydrate chow and macronutrient selection diets. In a separate experiment, we determined that this strain difference in Glo1 expression was present, in similar magnitude, with low-as well as high-carbohydrate feeding. These results provide evidence for intrinsic strain variation in Glo1 expression which may constitute a basis for the QTL effect. We next sequenced the coding region of Glo1 and observed no amino acid changes in the open reading frame [18] . The position of the QTL peak over Glo1 suggests that a regulatory variant interacting with Glo1 may be located near, or within the gene.
The two primary genes in this pathway, glyoxalase 1 ( Glo1 ) and glyoxalase 2 ( Glo2 ) are located within the confidence interval of the Chr 17 QTL which is responsible for increased carbohydrate consumption. Glyoxalase 1 catalyzes the conversion of methylglyoxal (MG) and glutathione to S-lactoylglutathione which is then converted to D -lactate by glyoxalase 2. MG is a metabolic by-product of glycolysis that is also produced during food processing and can be toxic if excess levels are accumulated [39] . If not catalyzed by the glyoxalase system, MG participates in the glycation of proteins and nucleotides, resulting in the formation of advanced glycation end products (AGEs) that can lead to mutagenesis, apoptosis, protein degradation and induction of pro-inflammatory cytokines [40] . Given that the B6.CAST-17 congenic strain consumes more carbohydrate, we would expect that it also produces a higher flux of methylglyoxal. If MG flux is high, increased Glo1 expression may be required to protect the proteome and genome. In support of this proposition, we found a significant upregulation of glyoxalase 1 mRNA and protein expression in B6. CAST-17 congenic mice. Enzymatic activity paralleled the observed strain differences in expression. We propose that increased glyoxalase activity protects this congenic strain against dietary oxidants occurring as a result of high carbohydrate consumption.
Further evidence to suggest possible higher MG production in the B6.CAST-17 congenic line was found in that carbohydrate-preferring congenic mice showed enhanced expression of glycolytic genes upstream of dihydroxy acetone phosphate (DHAP) formation, i.e. hexakinase and phosphofructokinase ( fig. 6; table 5 ). Once fructose 1,6-diphosphate is cleaved into DHAP and glyceraldehyde-3 phosphate, these molecules act as precursors for the nonenzymatic formation of methylglyoxal. The end product of glyoxalase action is D -lactate which is converted to pyruvate by D -lactate dehydrogenase ( ldhd ), a mitochondrial enzyme [41] . We observed that ldhd expression was 1 1.5-fold higher in the hypothalamus of congenic mice, providing evidence for the conversion of excess D -lactate to pyruvate ( fig. 6 ).
The available data from our study and others point to a possible link between Glo1 expression and ingestive behavior. We have shown previously that the 129/J and BALBcByJ prefer dietary carbohydrate over fat, whereas C57BL/6J and DBA/2J preferentially consume fat in a macronutrient diet selection paradigm [16] . A recent study found that Glo1 was upregulated in the brain of the carbohydrate-preferring 129/J and BALBcByJ strains, and decreased in the fat-preferring C57BL/6J and DBA/2J [42] . Together, these results suggest an association between increased Glo1 expression and carbohydrate preference in mouse inbred strains. An association of glyoxalase 1 with feeding behavior has not been identified but may yield new insight on the functional effects of this metabolic pathway. Glo1 has also been linked to anxiety [42] , although this connection has been questioned [43] , and the regulation of theta oscillations during sleep [44] . The physiological function of Glo1 in the brain is mostly unknown. It has been proposed that neuronal damage by excess methylglyoxal could contribute to increased anxiety [43] . Further studies are needed to examine mechanisms by which Glo1 expression and activity could alter neuronal function and, ultimately, behavior.
Other QTL genes with key metabolic functions in lipid metabolism were decreased in the liver of carbohydrate-preferring mice, despite the equivalent fat intake between strains. The encoded protein for Decr2 increases the conversion of delta2-trans, delta4-trans-decadienoyl coenzyme A to delta3-enoyl coenzyme A and is involved in the peroxisomal oxidation of very long chain, polyunsaturated fatty acids [45] . ApoM encodes an apolipoprotein found mainly in high-density lipoproteins (HDL), that appears to play a role in the prevention of atherosclerosis possibly through its anti-inflammatory effects [46] . The ACAT2 enzyme is responsible for synthesis of plasma lipoprotein cholesteryl esters. A role for any of these candidates in pathways regulating food intake has not been established. Alternatively, these results may have relevance to other QTL on mouse Chr 17 for atherosclerosis ( Ath26 ) [47] or for obesity ( Obq4 ) [48] .
A large number of genes associated with inflammatory processes were induced in congenic mice which showed no apparent clinical signs of inflammation. However, this result could reflect a genomic response to nutrient intake. For example, the increased expression of inflammatory genes in high carbohydrate-consuming congenic mice is consistent with reports of a pro-inflammatory effect of glucose intake in human subjects [49] . Thus in our model, high carbohydrate intake may alter the expression of mRNAs related to inflammation.
The highest fold difference in gene expression and confirmed by qPCR, was for the hepatic expression of trefoil factor 3 (Tff3) , located in the peak of the QTL ( table 6 ) . TFF3 is an extracellular, secretory polypeptide that resists proteolytic degradation. TFF3 is expressed in several mammalian tissues but is found predominantly in the gastrointestinal tract where it protects and contributes to healing of the mucosal barrier [50] . In liver, TFF3 contributes to epithelial cell migration and wound healing [51] . Interestingly, higher Tff3 expression has been reported in the liver of B6 mice when compared with Tally Ho (TH) mice, a model of diabesity [52] . Consistent with this observation, Tff3 maps to Obq4 , an obesity QTL on mouse chromosome 17 [48] . A possible role of Tff3 in dietary obesity remains to be established, along with its expression profile in relevant tissues such as muscle and adipose.
Because the mechanisms responsible for macronutrient diet selection are unknown, the key tissue(s) underlying the phenotypes can only be inferred at this stage of analysis. These results were obtained from an examination of gene expression in the hypothalamus and liver, yet genetic and genomic data from our laboratory [18] indicate that at least one molecular component of the QTL may reside in other tissues. Specifically, the Chr 17 QTL approximate the location of Glp1r (glucagon-like peptide 1 receptor), a compelling candidate gene for this QTL with respect to its expression in antral stomach [18] . Elucidating the molecular basis of complex traits such as those involving ingestive behavior will likely require the characterization of gene expression in multiple tissues, the central nervous system notwithstanding.
In conclusion, our results reveal patterns of altered gene expression, resulting from a CAST segment of proximal Chr 17, for genes involved in metabolism, inflammation, and oxidative stress, any of which could be linked to phenotypic preferences for carbohydrate or fat. Genes in the Wnt signaling and PDGF signaling pathways were also upregulated and thus may be implicated in carbohydrate metabolism. More specifically, these data support the hypothesis that mice genetically predisposed to eat more carbohydrate and total energy per body weight are protected against the stress of dietary oxidants through induction of the glyoxalase system. Sequence and expression analyses, as well as functional studies in our mice will establish the viability of candidates such as Agpat1 and Glo1, e.g. by overexpressing and/or silencing these genes by means of lentiviral transduction.
